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Abstract: Weight plays a significant role in the automotive and aerospace fields due to the demand
of lightweight material structures. A lighter body in weight (BIW) and in structure can reduce fuel
consumption, lessen emissions, and support the SDGs 9, 11, 12, and 13. Therefore, polyurethane (PU)
foam is suitable for applications that require low weight. The characteristics of hybrid polyurethane-
graphite micro were successfully evaluated in this study. Several tests have been used to characterize
these structures, such as, compression, hardness, density, surface evaluation, and FTIR analysis. The
results showed that the expansion and shrinkage variations lead to different shapes at specific ratios.
Compression tests show that the highest value occurred at 0.84 kN, with a 4:1 ratio found in pure PU
foam without any reinforcement. PU foam with 2% graphite filler showed the highest results at the
4:1 ratio with a value of 0.45 kN. Furthermore, the highest hardness test result was 37.7 SHD. Density
testing indicates that the highest value is obtained from specimens with a 4:1 ratio of 0.077 g/cm3.
FTIR testing reveals that adding graphite as a filler alters the chemical bonds during the formation of
solid PU foam. Surface observations show that adding graphite as a filler influences the variation in
material structure formation. All the evaluation has tended to conclude the present combination as
suitable for lightweight structures applications.

Keywords: composite; filler; polyurethane; failure mode; mixing

1. Introduction

Composite laminates and their materials that support the technology of lightweight
structures are developed by researchers based on different materials such as, carbon fibers,
glass fibers, naturals-based materials, matrix composites, powder metallic-based materials,
and different polymeric materials [1–7]. A body that is lighter in weight (BIW) and in struc-
ture will produce fewer emissions, use less fuel, and fulfil Sustainable Development Goals
(SDGs) 9 in industry, innovation, and infrastructure, 11 in sustainable cities and communi-
ties, 12 in responsible consumption and production, and 13 in climate action. One of the
promising polymeric materials used by different sectors is polyurethane foam (PU foam). It
has advantages due to its lightweight nature, durability, heat, sound insulation properties,
and ability to form structures in various shapes and sizes on various substrates [8–15]. The
shape and size of the PU foam reaction can follow the medium or mold created according
to the requirements, and this change in shape is influenced by the mixture of two materi-
als [16], namely polyol and isocyanate liquids. When these two liquids are mixed, they
undergo a polyurethanation reaction and form solid PU foam [17–19].
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Polyurethane is widely used in various industries for lightweight structural appli-
cations. It is due to its efficiency in production processes and direct application to the
target [20–23]. In the formation process of solid PU foam, there is a material expansion
process, which is the advantage of PU foam formation. One example of its application
in structures can be found in filling empty spaces within a structural system as shown
in Figure 1a–c, which is one of the factors leading to structural failure. This system is
more robust without adding significant weight due to the relatively low density of PU
foam [24]. The mixing reaction of the two components for PU foam reach the endpoint of
the expansion process. This expansion process is an advantage of this material in terms
of flexibility. During PU foam production, various additives such as catalysts, surfactants,
fillers, and reinforcements can be added to modify the properties and characteristics of the
material [25–27]. Comparing different mixing ratios of polyurethane foam can result in
the formation of new properties that are either better or worse, depending on the mixing
ratio of the two foam-forming materials [28,29]. In this regard, composites are the primary
answer for structural problems because combining these materials can result in better
physical and chemical changes, making composite applications suitable for specific design
purposes [30–32]. Therefore, reducing filler content is a critical strategy to balance superior
mechanical performance and polymer composites [33–36]. Similiar to PU foam, it has been
reported that using graphite powder as a filler affects the mechanical strength due to the
load-bearing structure, as shown by Zefeng et al. [37]. Previous research conducted by
Ji-Hyun Kim et al. [38] showed that the pore structure size of graphite foam affects mechan-
ical strength and thermal conductivity. P.E Romero et al. [39] has made a polyurethane
foam using a 3D printed mold for car seat back.
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Figure 1. Mold printed in HIPS and polished via limonene immersion (1 min) used for the man-
ufacture of car seat back: printed molds (before polishing (a); encased molds (95 × 65 × 40 mm3)
(b); molds after polishing and casting and PUR foam part (c) (Ref [39]).

Furthermore, in previous research conducted by Syed Muhammad et al. [40], PU
foam was mixed using natural fillers such as eggshell, hazelnut, chitin, and cellulose.
It proved to improve material performance regarding mechanical, morphological, and
thermal properties. The amount of filler given in the mixing process can affect the formation
of voids or cracks, increasing failures in the PU foam material. The paper explains that
the more natural filler is given, the more voids and cracks are formed in some parts of
the specimen. Hyeon Choe et al. [41] researched CaCO3 filler, which has been treated
and compared with raw CaCO3. It is shown that treated CaCO3 filler can reduce the size
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of microvoids formed in the PU foam production process. The next study conducted by
Dorota Głowacz et al. [42] showed that mixing biowaste-based fillers, such as sunflower
husk, rice husk, and buckwheat husk, could affect the size of the voids in the PU foam
itself, which affects the mechanical properties during testing. Then, the testing conducted
by Yuliang Qu [43] by modifying the size of the pores in PU foam greatly affects the
performance of the resulting PU foam material. Thus, it can be concluded from previous
research that the structure size, rod size, and voids in PU foam during manufacturing
significantly affect the material’s performance. The selection of graphite powder is also
not separated from its advantages, such as high-temperature resistance, conductivity, and
water absorption.

The appropriate reaction for the mixing ratio is still discussed and studied. This is
because reactions with different mixing ratios affected the expansion of PU foam. Previous
studies reported by Tian Xiao et al. [44] have shown that the pore size of graphite foam
significantly affects mechanical performance and load resistance. This allows for density,
strength, and stiffness control, enabling widespread use in various industries. The ratio
between isocyanate and polyol can also affect the final result of the PU foam formation
reaction. This research is conducted because polyurethane materials exhibit different
properties depending on the different mixing ratios. The hardness level and stiffness vary,
and elasticity can also be affected. The addition of graphite powder can also affect the
mechanical properties of polyurethane. Graphite powder acts as a filler that strengthens
the polyurethane matrix, thus increasing tensile strength, hardness, and resistance to
deformation. This research aims to discuss and identify the differences in the effects of
different ratios on the emerging properties from the final reaction of PU foam formation
and then compare them with graphite powder. The addition of fillers affects the material’s
expansion and differences in strength. The gap in the previous work showed that a few
studies still discuss the expansion of PU foam related to the material mixing ratio and the
influence of filler. This article discusses the characteristics of PU foam related to different
mixing ratios and the addition of graphite powder as a micro-filler. The present study also
identified the influence of mixing ratios on the expansion properties of PU foam in terms of
mechanical strength.

2. Materials and Methods
2.1. Materials

In this study, two materials were used: liquid A (Millionate MR-200), which is a
polyisocyanate commonly used to make rigid polyurethane foam systems, and liquid
B (Polyol (JKR-7631L)), which is a polyether containing water, catalysts, and silicone
surfactants. When mixed these two materials, liquids A and B, react to form a rigid PU
foam [45–48]. The materials are bought from PT Justus Kimiaraya, Indonesia, as the
manufacturer of all polyurethane materials. Table 1 shows the properties of the PU foam
and Table 2 shows graphite powder used in this study.

Table 1. PU foam material specifications.

Material (Polyurethane) Type Viscosity Appearance

Liquid A/Millenium MR-200 Elastic polymer 150–250 Brown
Liquid B/Polyol (JKR-7631L) Reactor 150–250 Clear

Table 2. Micro-filler graphite powder.

Material Purity Mesh Moisture Appearance

Graphite powder <98% 200 microns 0.5% Black
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2.2. Methods

In manufacturing solid PU foam, this study uses two materials in the form of mixed
liquids to obtain a polyurethanization reaction to form solid foam. The first material
consists of liquid A/Millenium MR-200, known as polyisocyanate. This liquid is an elastic
polymer, which expands when combined with Liquid B/Polyol (JKR-7631L) isocyanate
liquid. The mixing results are then placed in a plastic cup of the same size (15 cm high),
which has a significant development reaction and fills the volume of the media container.
The mixing proportions for the production of PU foam as specimens are as follows.

The use of the ratios listed in Table 3 is a fixed variable carried out in this study as a
reference in the mixing process. Using these ratios directly results in different expansion
effects in each mixture. Hybrid PU foam was created by adding filler in the form of graphite
powder. There are six types of specimen mixtures produced in PU foam, including pure
PU foam without a mixture of graphite powder (0%), PU foam with a 1% graphite filler
mixture, PU foam with a 2% graphite filler mixture, PU foam with a 3% graphite filler
mixture, PU foam with a 4% graphite filler mixture, and PU foam with a 5% graphite filler
mixture. The graphite filler mixture is obtained from a percentage of the total weight of
40 g and divided by the percentage of graphite used.

Table 3. Ratio of mixing.

Ratio Liquid A
(Millionate MR-200)

Liquid B
(Polyol (JKR-7631L) Total Weight (g)

1:1 50% 50% 40

1:2 33.30% 66.70% 40

1:3 25% 75% 40

1:4 20% 80% 40

2:1 66.70% 33.33% 40

2:3 40% 60% 40

2:4 33.30% 66.70% 40

3:1 75% 25% 40

3:2 60% 40% 40

3:4 42.90% 57.10% 40

4:1 80% 20% 40

4:2 66.70% 33.30% 40

4:3 57.10% 42.90% 40

In the mixing process, graphite powder is added to Liquid A, then mixed using a
mechanical mixer for 1 h for each specimen. After adding the filler powder to Liquid A,
the next step is to react it into PU foam by combining it with Liquid B. After mixing the
two components, the mixture is then allowed to expand and is left for 24 h to observe the
different reactions that occur. If we look at Figure 2, after mixing Liquid A and B, a reaction
occurs that forms PU foam. The temperature set during the curing process is 20–25 ◦C.

PU system that consists of 2 different materials are mixed to form reactions. The first
reaction occurs between isocyanate and polyol, resulting in the formation of polyurethane.
The second reaction involves the reaction between producing polyurea and CO2 gas as
chemical blowing agents. The reaction process in the PU system can be seen in Table 4.
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(c) specimen testing.

Table 4. Reaction stages in PU foam [49].

Reaction Stages Material Formula

Polyurethane formation Isocyanate alcohol R–NCO + HO–R1
Gas production reaction (Step I) Amine Carbon dioxide R–NH2 + CO2↑+22 kcal/mole
Gas production reaction (Step II) Amine Isocyanate R-NH2 + R-NCO

Furthermore, Figure 2b shows that the reacted PU foam is prepared as specimens
for material testing. The specimens used have dimensions of 40 mm × 40 mm × 30 mm,
following the ASTM D1621 testing standard [50]. Figure 2c explains that the prepared
specimens are tested according to the standard.

Calculating the compressive strength of the specimen is done by dividing the load
by the horizontal cross-sectional area at the beginning of the specimen. If a compressive
modulus value is requested, select any suitable point along the straight section of the
load–deformation or load–strain curve of the specimen to be tested. Note the load and
measure the deformation or strain at that point. Calculation of apparent modulus is as
follows [34]:

EC = WH/AD (1)

Ec = modulus of elasticity in compression, Pa (psi);
W = load, N (lbf);
H = initial specimen height, m (in.);
A = initial horizontal cross-sectional area, m2 (in2);
D = deformation.
The estimated standard deviation can be calculated as follows [34]:

S =
√(

∑ x2 − nx2)/(n− 1) (2)

S = estimated standard deviation;
x = value of a single observation;
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n = number of observations; and
x = arithmetic mean of the set of observations.
Material testing included optical microscopy, compression, density, hardness, and

material characteristics testing using the FTIR method [45,51–54]. The compression speed
was set at 2.5 mm/minute until the yield point was reached or the specimen had been
compressed to 13% of the initial thickness before compression. Destructive testing includes
compress and hardness testing carried out on the specimen. Hardness testing on PU foam
material uses a Shore A (HA) Durometer. Hardness data are taken for 3 specimens at
each ratio on nine surfaces in the test, data are obtained from the output generated by the
testing machine, and all data are displayed in the system owned by the testing machine.
The displacement, deformation, and other phenomena results were recorded and stored
using digital equipment, specifically a Dino-lite USB microscope with a size specification of
200–400 mm. Density tests were conducted to determine the density value of the test speci-
mens using the OHAUS Density meter machine. Characteristic test, using an FTIR machine
with the SHIMADZU brand IRSpirit type, intended to see the bonding of compounds that
occur in the test specimen.

3. Results
3.1. Expansion of Pure PU Foam and PU Foam Graphite Filler

As in Figure 3, the reaction for manufacturing PU foam can also be seen in
Appendix A Figure A1. Specimen reactions of all ratios are shown in Figure A1; at point
(a), A1 is the result of the development of PU foam without using graphite powder as
reinforcement. When compared with the ratio used, there are visible differences. Expansion
is different for each ratio, and the highest PU foam development is obtained from the
mixture between the most dominant liquid B. The development of PU foam dominated by
liquid A has a lower development due to the ability of the polyol or reactor, which cannot
react with the entire isocyanate liquid because the amount is less. However, specimens that
produce low expansion have a denser structural density.
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The expansion at each variable ratio is different. As seen in Figure 3, there is a
significant variation from one ratio to another. All growth foam of all specimen can be seen
in real time that added in the supplementary materials in the video-based file. This indicates
that the material used in PU foam formation affects the foam reaction. At a ratio of 4:1, the
amount of liquid A, an isocyanate, is more than liquid B, which is a polyol reaction liquid.
The amount of liquid polyol is insufficient to react with the larger amount of isocyanate. At
a 4:1 ratio, polyurethane formation still occurs, but the resulting expansion is less significant
than in other ratios. In contrast, the resulting expansion is greater when compared to ratios
using a greater amount of polyol, such as the 1:2 ratio, which contains less isocyanate liquid.
Furthermore, the addition of graphite powder filler affects the expansion reaction, such
as the 3% and 5% results. The expansion is greater when compared to PU foam at other
levels. However, the results of this reaction have a significant impact on the density of
each specimen. The observations regarding expansion, when compared to the compression
test results, are interrelated. Density increases as expansion decreases and vice versa. The
greatest expansion results in the lowest density. This is very interesting because expansion
affects the structure that occurs in the reaction.

In Table 5, the results of hardening from the manufacture of PU foam specimens have
their own differences depending on the ratio used. The results of specimen hardening at all
ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h.
The size of the specimen after the curing process has changed, and some specimens do not
experience changes after curing for 24 h, which are marked in black.

Table 5 shows that liquid mixtures A and B used for PU foam production show
differences in foam development. The liquid with a ratio dominated by polyol does not
harden and tends to shrink after 24 h of standing, as shown in Table 5 in the figure given by
the red line, while the mixture dominated by isocyanate liquid hardens and does not shrink
after 24 h of standing. A larger amount of reactor liquid in the PU foam formation process
causes imperfections in the solid foam development process, but development can be
optimized if the polymer elastomer liquid is more than the reactor liquid. In the ratio with
the use of the same ratio as 1:1 experiencing the phenomenon of re-shrinkage after cutting,
the specimen formed with the size of the cube looks perfect after cutting, but after 8 h of
settling back, the cube specimen at a ratio of 1:1 in the mixture of pure PU and modified
graphite filler experiences shrinkage again resulting in specimens that are not perfect in
shape. The ratio of 1:2 to 1:4 and all specimens marked in red experienced significant
shrinkage from the initial reaction formation. The production of PU foam dominated by
liquid B (polyol) resulted in imperfectly hardened specimens that could not be used in
mechanical testing. In general, the reaction was not perfect. The ability of the reactor
liquid could not help the process of maximizing foam development because the liquid to be
reacted was not in the appropriate portion. Specimens marked in red tend to be mushy and
do not have good stiffness like specimens with images marked in black. Specimens with
good hardening results and that avoid material shrinkage will be discussed in the results.

3.2. Compression Test

In Figure 4, it can be observed that there are differences in material strength associated
with displacement when subjected to compressive loads. PU foam with a loading ratio of
4:1 and graphite powder reinforcement showed the highest results at 2% graphite content.
The material’s resistance to compressive testing decreases as the graphite content increases.
Details of compression testing of all specimens can be seen in Appendix A Figure A3, where
there are results of compression testing data on pure PU foam specimens and PU foam
with graphite filler.
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Table 5. Shrinkage of PU foam reaction.

Re shrinkage of
specimens after
cutting

Shrinking specimen Fully hardened
specimen

Pure PU foam

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

PU foam with 1%
graphite filler

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

PU foam with 2%
graphite filler

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

PU foam with 3%
graphite filler

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

PU foam with 4%
graphite filler

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

PU foam with 5%
graphite filler

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 25 
 

 

In Table 5, the results of hardening from the manufacture of PU foam specimens have 
their own differences depending on the ratio used. The results of specimen hardening at 
all ratios can be seen in Appendix A Figure A2. All are listed in full in Figure A2, and when 
viewed, specimens marked in red are specimens that have shrunk after curing for 24 h. 
The size of the specimen after the curing process has changed, and some specimens do 
not experience changes after curing for 24 h, which are marked in black.  

Table 5. Shrinkage of PU foam reaction. 

 Re shrinkage of spec-
imens after cutting  

Shrinking speci-
men 

Fully hardened spec-
imen 

Pure PU foam 

 
 

 

PU foam with 
1% graphite 

filler 
 

 

 

PU foam with 
2% graphite 

filler 
 

 

 

PU foam with 
3% graphite 

filler 
 

 

 

PU foam with 
4% graphite 

filler 
 

 
 

PU foam with 
5% graphite 

filler 
 

 
 



J. Compos. Sci. 2023, 7, 433 9 of 23

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 9 of 25 
 

 

Table 5 shows that liquid mixtures A and B used for PU foam production show dif-
ferences in foam development. The liquid with a ratio dominated by polyol does not 
harden and tends to shrink after 24 h of standing, as shown in Table 5 in the figure given 
by the red line, while the mixture dominated by isocyanate liquid hardens and does not 
shrink after 24 h of standing. A larger amount of reactor liquid in the PU foam formation 
process causes imperfections in the solid foam development process, but development can 
be optimized if the polymer elastomer liquid is more than the reactor liquid. In the ratio 
with the use of the same ratio as 1:1 experiencing the phenomenon of re-shrinkage after 
cutting, the specimen formed with the size of the cube looks perfect after cutting, but after 
8 h of settling back, the cube specimen at a ratio of 1:1 in the mixture of pure PU and 
modified graphite filler experiences shrinkage again resulting in specimens that are not 
perfect in shape. The ratio of 1:2 to 1:4 and all specimens marked in red experienced sig-
nificant shrinkage from the initial reaction formation. The production of PU foam domi-
nated by liquid B (polyol) resulted in imperfectly hardened specimens that could not be 
used in mechanical testing. In general, the reaction was not perfect. The ability of the re-
actor liquid could not help the process of maximizing foam development because the liq-
uid to be reacted was not in the appropriate portion. Specimens marked in red tend to be 
mushy and do not have good stiffness like specimens with images marked in black. Spec-
imens with good hardening results and that avoid material shrinkage will be discussed in 
the results.  

3.2. Compression Test 
In Figure 4, it can be observed that there are differences in material strength associ-

ated with displacement when subjected to compressive loads. PU foam with a loading 
ratio of 4:1 and graphite powder reinforcement showed the highest results at 2% graphite 
content. The material’s resistance to compressive testing decreases as the graphite content 
increases. Details of compression testing of all specimens can be seen in Appendix A Fig-
ure A3, where there are results of compression testing data on pure PU foam specimens 
and PU foam with graphite filler. 

 
Figure 4. Compression test of PU specimens at 4:1 ratio with different filler contents (1–5% graphite 
content). 
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The highest value is found in the specimen with a ratio of 4:1, with a value of 0.84 kN,
followed by the second highest value in the 3:1 ratio with a value of 0.55 kN in pure PU
foam specimen. The specimen with the highest resistance is found in the PU foam specimen
with a mixing ratio of 4:1. The microstructure formed from the mixing process at this ratio
has a denser density than other ratios. In Appendix A Figure A3b, representing PU foam
with 1% graphite filler, the highest value is found in the 4:1 ratio with a value of 0.42 kN,
and the second highest value is found in the 3:1 ratio with a value of 0.40 kN. Figure 3c,
representing PU foam with 2% graphite filler, shows the highest value in the 4:1 ratio with
a value of 0.49 kN. If we look at the compression test results for PU foam with 3%, 4%, and
5% graphite filler, as shown in Appendix A Figure A3d–f, there is also a significant decrease
from the 4:1 and 3:1 ratio. PU foam mixtures dominated by liquid A, which is isocyanate,
exhibit greater resistance in compression testing due to the hardness of the material formed
during the PU foam manufacturing process as well as the density formed within the PU
foam structure. The denser or larger the structure, the greater the material’s resistance. In
the compression test results for specimens with graphite filler at presentations of 1–5%, the
highest value is found in the specimen with a 2% graphite filler presentation with a value
of 0.49 kN at 4:1. When compared to the expansion results from Figure 3, the expansion in
the 4:1 ratio is smaller compared to that in other ratios. The larger the expansion in a ratio,
the lower the density formed and vice versa. In the 4:1 ratio, the specimen shows smaller
expansion than the others but exhibits resistance to load in the compression test.

3.3. Hardness Test

In Figure 5, comparison between PU foam with a mixture of 1–5% graphite con-
tent in the ratio 4:1 can be observed. The highest hardness is obtained from PU foam
with a mixture of 2% graphite. Detailed hardness test of all specimens can be seen in
Appendix A Figure A4. In that section, it explains all the results of the hardness tests
carried out at all mixing ratios in the manufacture of PU foam, then the hardness test of PU
foam with a mixture of graphite as a filler is also listed.
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Looking at Figure 5, the highest result from the hardness testing for all specimens
of 0–5% PU foam is in the PU foam modified with 2% graphite filler at a ratio of 4:1,
measuring 20.4 HA. The addition of graphite filler actually makes the material more brittle.
When examining Appendix A Figure A4, the hardness test results from point (a–b) show
a relatively significant increase and decrease. The increase in hardness values becomes
noticeable and dominant at a 4:1 ratio in the PU foam specimens with a 2% graphite
mixture. However, in some ratios within this mixture, there is also a decrease in hardness
values. However, the most dominant is the 4:1 ratio with a 2% graphite mixture. The
decrease starts to occur as the graphite content increases. If we look at points (d–e) in
Appendix A Figure A4, it is evident that all ratios experience a significant decrease in
hardness levels. At the reference point of the 4:1 ratio in the specimens with 0% graphite
mixture or pure PU foam, the hardness value is 18.8 HA. With a 1% graphite mixture,
PU foam obtains a hardness value of 20.4 HA. Hardness increases with the 2% graphite
mixture, reaching a value of 20.4 HA. The hardness decreases with the 3% mixture at a 4:1
ratio, measuring 16 HA, and then with the 4% graphite mixture at 13 HA, and the smallest
value is in the specimen with 5% graphite PU foam mixture at 12 HA. The density of the
structure influences the magnitude of these hardness values. The 2% graphite mixture
has the most optimal structure density. As the graphite content increases, the structure
formation within the PU foam becomes less perfect.

3.4. Density

Figure 6 compares PU foam with mixtures of 1–5% graphite content at a ratio of 4:1.
The results show that PU foam specimens with a mixture of 1% graphite have the highest
density with a value of 69 kg/m3. Then, along with the increase in the level of graphite
given and the decreasing density value obtained, the provision of graphite in the PU foam
manufacturing process tends to reduce the density owned because the reaction produced
in the PU foam manufacturing process cannot occur optimally and is bound by graphite
powder. The highest density obtained from PU foam graphite filler is with 1% graphite.
Detailed density tests of all specimens can be seen in Appendix A Figure A5. In Figure A5,
point (a) is the result of testing pure PU foam, and it is found that the 4:1 ratio has the
highest density value. Almost all density tests on PU foam specimens at A5 point (a–f)
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purely or with a mixture of graphite powder show the highest density results at a ratio
of 4:1.
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During the testing and calculation, the highest density value is observed in the 0%
filler test, which is obtained at a ratio of 4:1 with a value of 0.0772 g/cm3. The same trend
is also observed in the 1% graphite filler ratio, with a 0.0687 g/cm3 density. In the 2% test,
the density decreased to 0.0583 g/cm3. Then, there was a significant increase and decrease
in the 3% ratio with a density of 0.0624 g/cm3 and 4% with a density of 0.0558 g/cm3,
respectively. In the 5% test, the graphite filler increased with a 0.0612 g/cm3 density. These
results demonstrate that the graphite mixture affects the density level in the specimen. As
shown in Figure 2, this is related to the amount of expansion. The higher the expansion,
the smaller the density produced from the specimen tested. Conversely, when there is
less expansion, the weight of the specimen gathers more tightly, allowing for an increase
in density.

3.5. FTIR

Characterization of a PU foam graphite filler can be viewed using FTIR (Figure 7). The
spectrum of graphite gave the absorption spectra of C=C at 1632 cm−1 and of a new intense
band C=O at 1722 cm−1; C=l identified as halo carbon compounds are chemicals in which
covalent bonds link one or more carbon atoms with one or more halogen atoms, then the
N-O compound bond at wavenumber 1550 cm−1 are called the nitrous compound. Nitro
compounds are organic compounds that contain one or more nitro functional groups. The
nitro group is one of the reactors. In this case, the nitro group is acidic. These results are
consistent with the research that PU foam has absorption peaks of functional groups, C=O,
C=C, N=O, and C=l, which indicates that the specimen material has been formed from
graphite. The FTIR spectra of graphite (Figure 4c) exhibit a band at 3426 cm−1 due to O-H
stretching. The band at 1631 cm−1 appears due to C=C stretching. The band at 1198 cm−1

is attributed to the presence of C-O stretching. The 2% graphite filler specimen shows an
increase that indicates the energy uptake of this compound is quite high compared to other
specimens. The result obtained is the most efficient thru-bonding reaction of the PU foam
with graphite powder.

3.6. Structure Analysis

This observation is made to determine whether the provision of graphite filler affects
the size of the rod cavity contained in PU foam solid, then see the surface formed from the
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difference in the PU foam manufacturing process. When viewed from Figure 8 points a and
b in the PU foam surface observation section, it can be seen that the provision of graphite
still does not affect the size of the voids formed at the provision of 0–1% graphite, but
changes in the size of the voids have begun to form in 2–5% graphite mixing. If observed
at 2% mixing, many variations of voids are formed, and the size has become inconsistent.
Graphite mixing also affects the size of the cavity rod in the PU foam structure. Pure PU
foam has a cavity rod size ranging from 0.054 to 0.051 mm. This size decreases as the
graphite filler increases until the PU foam specimen in the 5% mixture; the average cavity
rod size ranges from 0.036 to 0.030 mm. The size of this cavity rod affects the strength of the
material. The provision of graphite can increase the material’s ability in terms of mechanics
but in an optimal portion.
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4. Discussion

The difference in ratio between liquid A and liquid B caused different reactions of
the PU foam mixture, resulting in different expansion and shrinkage after the designated
time. These differences in expansion lead to variations in the density structure of each
specimen. Several cases showed that the growth foam that occurred at room temperature
(25 ◦C) affected the shrinkage of the specimens. Among all the ratios, the ratio dominated
by mixture A, which is isocyanate, does not experience shrinkage. The density that occurs
and is observed in compression tests shows that this ratio is superior in strength. The
addition of graphite powder as a filler in the PU foam affects the size of the rods when
observed using an optical microscope. In specimens that do not use a graphite filler, the
size of the samples in the structure is larger. The provision of graphite as a filler for the
foaming effect is influenced by the barrier effect phenomenon, which results from the size
of the expansion that occurs and the size of the cavity rods formed from the PU foam
manufacturing process [55,56]. This graphite acts as a medium to contain the expansion
from the polyurethanation reaction. The more the graphite content is given, the greater the
expansion that is restrained.

The size of the structure is proportional to the amount of load the specimen can with-
stand. The FTIR test shows a different graph (2347 wavelength) on the bond of the C=O=C
carbon dioxide compound. Among all the combinations, 2% graphite specimens show
differences and indicate strong bonding. It can produce peak graphs due to the compounds’
higher energy absorption intensity. These findings are strengthened by the compression
results, indicating that the data are valid. The application of PU and its fillers are prospected
and can be used in different applications such as buildings, structures, vehicles, batteries,
lightweight systems, and other applications that apply gap-filling techniques [16,57–61].
However, application of polyurethane is very wide. This paper aims to suggest the use of
polyurethane in a lightweight structure such as in automotive and aerospace fields due to
the necessity of lightweight structures. By using the optimal portion and ratio, an increase
in its mechanical properties can be slightly significant.
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5. Conclusions

The hybrid polyurethane–graphite micro powder as a filler material was successfully
manufactured, characterized, and evaluated in the present study. There are conclusions
drawn from the collected data, which can be summarized as follows:

• The shrinkage in PU foam material was dominated by polyol liquid. Although hard-
ening did occur, the shape and volume of the material changed after the 24 h resting
period. On the other hand, PU foam material dominated by isocyanate experiences
good hardening and does not experience significant shrinkage. This is because the
mixing reaction is balanced at this ratio.

• The best ability of the material to withstand compressive loads is found in PU foam
with a mixture ratio of 4:1. It proved that the more dominant isocyanate content has
an important effect on the durability of PU foam material.

• Reactions during the PU foam manufacturing process result in various expansions
and contractions. Reactions with larger values have relatively lower densities and
vice versa. As shown in the 4:1 ratio, it has the least expansion reaction but with a
higher density.

• Graphite as the most optimal filler is at a ratio of 2%, seen from all mechanical test
results, which show the highest results at this ratio. It benefits from a density value
lower than the ratio of 3:1 in density testing by mixing 2% graphite, which has a
higher density.

• The provision of graphite as reinforcement in the PU foam manufacturing process
affects the size and formation of voids contained in PU foam; the size of the rod varies
with the reduction or increase of graphite filler. The size of the rod affects the density
of the material and the durability of the material.

• The manufacture of materials with a lower weight but good material resistance is an
advantage of using lightweight materials. PU foam can be used for this material as a
lightweight, cheap, efficient, and environmentally friendly structure.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcs7100433/s1, Video S1: Video real growth of the specimen
related to Figure 2.
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Figure A1. Detailed expansion of all specimens. (a) Reaction PU foam on 0% graphite filler, (b) Re-
action PU foam on 1% graphite filler, (c) Reaction PU foam on 2% graphite filler, (d) Reaction PU 
foam on 3% graphite filler, (e) Reaction PU foam on 4% graphite filler, (f) Reaction PU foam on 5% 
graphite filler. 

Figure A1. Detailed expansion of all specimens. (a) Reaction PU foam on 0% graphite filler,
(b) Reaction PU foam on 1% graphite filler, (c) Reaction PU foam on 2% graphite filler, (d) Re-
action PU foam on 3% graphite filler, (e) Reaction PU foam on 4% graphite filler, (f) Reaction PU foam
on 5% graphite filler.
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Figure A2. Detailed shrinkage of all specimens. 

In Figure A2 is the making of PU foam specimens that have shrunk after curing for 
24 h. Specimens marked in red do not experience complete hardening so that the level of 
hardness and elasticity properties is different from specimens marked in black. Moreover, 
after curing for 24 h and hardening that occurs almost all occur quite well. in the 3:4 ratio 
marked in red is a specimen that has shrunk. 

Figure A2. Detailed shrinkage of all specimens.

In Figure A2 is the making of PU foam specimens that have shrunk after curing for
24 h. Specimens marked in red do not experience complete hardening so that the level of
hardness and elasticity properties is different from specimens marked in black. Moreover,
after curing for 24 h and hardening that occurs almost all occur quite well. in the 3:4 ratio
marked in red is a specimen that has shrunk.
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Figure A3. Detailed compression tests of all samples. Detailed compression tests of all samples. (a) 
Pure PU foam, (b) 1% graphite filler PU foam, (c) 2% graphite filler PU foam, (d) 3% graphite filler 
PU foam, (e) 4% graphite filler PU foam, (f) 5% graphite filler PU foam. 

Figure A3. Detailed compression tests of all samples. Detailed compression tests of all samples.
(a) Pure PU foam, (b) 1% graphite filler PU foam, (c) 2% graphite filler PU foam, (d) 3% graphite filler
PU foam, (e) 4% graphite filler PU foam, (f) 5% graphite filler PU foam.
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Figure A4. Detailed hardness tests of PU specimens. (a) 0% graphite filler Pure PU foam, (b) 1% 
graphite filler PU foam, (c) 2% graphite filler PU foam, (d) 3% graphite filler PU foam, (e) 4% graph-
ite filler PU foam, (f) 5% graphite filler PU foam. 

Figure A4. Detailed hardness tests of PU specimens. (a) 0% graphite filler Pure PU foam, (b) 1%
graphite filler PU foam, (c) 2% graphite filler PU foam, (d) 3% graphite filler PU foam, (e) 4% graphite
filler PU foam, (f) 5% graphite filler PU foam.
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Figure A5. Detailed density tests of PU specimens. (a) 0% graphite filler Pure PU foam, (b) 1% graph-
ite filler PU foam, (c) 2% graphite filler PU foam, (d) 3% graphite filler PU foam, (e) 4% graphite 
filler PU foam, (f) 5% graphite filler PU foam. 
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